We report on the analysis and experimental study of a silicon photonic single microring modulator (MRM) assisted Mach-Zehnder interferometer for high-speed four-level pulse amplitude modulation (PAM-4). The static extinction ratio (ER) of the proposed device is 18 dB larger than that of a single MRM with the same design parameters. Under 0 V reverse bias voltage, the measured 3-dB electro-optic bandwidth of the device is 20 GHz. Based on the enhancement of the ER, the measured 40 Gb/s on-off keying eye diagram of the device shows larger modulation amplitude than that of the single MRM. We further present 76 Gb/s PAM-4 using the proposed device in a back-to-back configuration, with the measured bit error rate below the hard-decision forward error correction threshold of 3.8 × 10 -3 .
Introduction
Intra-Data center traffic has increased rapidly in recent years [1] , therefore high-speed modulators have attracted immense research interest for the short reach optical transmission links. Silicon photonics (SiP) is a mature platform for developing intra-data center optical interconnects [2] . It is compatible with existing complementary metal-oxide-semiconductor (CMOS) fabrication processes, and it has a low substrate cost [3] . Compared to on-off keying (OOK) modulation, four-level pulse amplitude modulation (PAM-4) has a larger spectral efficiency and thus relaxing the bandwidth requirement on other electrical and electro-optic components [4] . But at the same time, PAM-4 requires a larger signal-to-noise ratio (SNR) than OOK modulation [5] . Currently, PAM-4 has been proposed as a favored modulation format for the IEEE 400G Ethernet standard [6] .
High speed PAM-4 short reach transmission based on SiP microring modulators (MRMs) [7] and travelling-wave Mach-Zehnder modulators (TWMZMs) [8] , [9] have been recently reported. The MRM is compact, and its natural filtering ability is favored for wavelength-division-multiplexing (WDM) applications [10] . However, it is very sensitive to temperature changes and fabrication imperfections. TWMZMs are more thermally stable and fabrication tolerant, but these devices occupy a large footprint, which is typically several millimeters in length [11] . SiP PAM-4 modulators based on a combination of these two structures [12] - [14] have also been reported for high-speed transmission over distances suitable for intra-data center applications.
In this paper, we analyze and experimentally demonstrate a SiP PAM-4 modulator based on a single MRM-assisted Mach-Zehnder interferometer (MZI). Both the simulated and measured static extinction ratios (ERs) of the device are 18 dB larger than those of the single MRM with the same design parameters. The modulation efficiency of the device is 5.6 pm/V, and the 3-dB electro-optic (EO) bandwidth is 20 GHz under 0 V reverse bias voltage. Because of the improvement in the static ER of the MRM-assisted MZI versus the single MRM, the measured 40 Gb/s on-off keying (OOK) eye diagram of the device achieves a larger modulation amplitude than that of the single MRM. Using the proposed device, we also present 76 Gb/s PAM-4 in the back-to-back (B2B) configuration, with the measured bit error rate (BER) below the hard-decision (HD) forward error correction (FEC) threshold of 3.8 × 10 −3 .
Device Design and Fabrication
A schematic of the single MRM-assisted MZI is shown in Fig. 1(a) , and that of the single MRM with the same design parameters is shown in Fig. 1(b) for comparison. The MRM has a radius of 20 μm and a gap of 200 nm from the bus waveguide. The length of the MZI arm is 230 μm.
The optical waveguide has a width of 500 nm and a height of 220 nm, and it is on a 90-nm slab. The symmetric lateral PN junction shown in Fig. 1 occupies approximately 75% of the MRM circumference. It is designed for carrier-depletion modulation. The remaining 25% is n-doped to form a heater for thermal tuning of the resonant wavelength, and its schematic is also shown in Fig. 1 . The rib waveguides of the PN junction and the heater are lightly doped to reduce the loss from optical scattering. The heavily doped regions in the slab are designed for ohmic contacts with aluminum pads. Both devices were fabricated in the same multi-project-wafer run at IME A * Star on a silicon-oninsulator platform with a 2-μm buried oxide. The doping concentrations are 1 × 10 20 cm −3 for both P++ and N++, 5 × 10 17 cm −3 for P and 3 × 10 17 cm −3 for N [15] .
Theoretical Analysis
As shown in Fig. 1 (b), with input electric field E in , the output electric field E t1 of the single MRM is [16] : where is the round-trip attenuation, t is the straight-through coupling coefficient, and θ is the phase change which is expressed as [17] :
where n eff is the effective index of the MRM waveguide, R is the radius, and λ is the wavelength. The power transmission of the single MRM is simulated using P t1 = |E t1 | 2 , and its phase response is obtained by calculating the phases of E t1 . Based on our design parameters, we simulate that = 0.9847 and t = 0.8661, which means that the MRM is in the over-coupled condition ( > t). Since it is far from the critical coupling condition ( = t), the static ER of the single MRM is only approximately 1.9 dB, as shown by the blue curve in Fig. 2(a) . For PAM-4 using this MRM, the ER between the '11' level and '00' level cannot be larger than the static ER, which is less than 2 dB. Therefore, we assume that the adjacent levels (e.g., '01' and '10' levels) become hard to distinguish and thus this single MRM achieves poor PAM-4 performance. The simulated phase response shown by the blue curve in Fig. 2(b) has a 2π phase change across the resonant wavelength, which is also a signature of the over-coupled condition.
By assisting the single MRM in a balanced MZI, as shown in Fig. 1(a) , there is an extra loss m due to the MZI waveguide and a phase difference ϕ between the two MZI arms induced by the fabrication deviations. Therefore, the output electric field E t2 is:
where E R and E arm are the electric fields on the MZI arms, respectively, as shown in Fig. 1(a) . Similarly, the power transmission of the single MRM-assisted MZI is simulated by P t2 = |E t2 | 2 , and its phase response is obtained by calculating the phases of E t2 . In the simulation, we set the loss of the MZI waveguide as 2.4 dB/cm, and we assumed there is no fabrication deviation (ϕ = 0). The simulated power transmission of the single MRM-assisted MZI is shown by the red curve in Fig. 2(a) . The device has a large static ER of approximately 20 dB, which is due to the small imbalance between the two arms of the interferometer. This is desirable for PAM-4 since the adjacent levels will have sufficient spacing. It is the 2π phase change across the resonant wavelength of the single MRM that leads to a constructive (0 phase difference between two MZI arms), destructive (π phase difference) and constructive (2π phase difference) interference at the output coupler of the MZI. Therefore, the static ER of the single MRM-assisted MZI is much larger than that of the single MRM. It should be noted that, if the static ER of the single MRM is smaller (which means a larger electric field amplitude with a phase of π at the resonant wavelength), the static ER of the single MRM-assisted MZI is larger since the interference at resonance is more destructive. The simulated phase response of the device shown by the red curve in Fig. 2(b) is approximately 0.6π across the resonance, which is much smaller than that of the single MRM. 
Experimental Study

Direct-Current (DC) Characterization
The measured DC transmission spectra of the two devices are shown in Fig. 3 . The total on-chip insertion losses (IL) are 10.6 dB and 12.5 dB, respectively. The measured IL of the grating coupler (GC) pair is approximately 9 dB at 1550 nm, as shown in the inset of Fig. 3(a) . The estimated losses of the routing waveguides are 0.8 dB for the single MRM and 1.3 dB for the single MRM-assisted MZI. Therefore, the losses of the two devices are approximately 0.8 dB, and 2.2 dB, respectively. The single MRM-assisted MZI has a larger IL because there are two Y branches in the device and each of them has a loss of 0.3 dB [18] . The MZI waveguide also has an extra loss, as explained by m in the previous section. As shown in Fig. 3(a) , the measured static ER of the single MRM is approximately 1.5 dB at 0 V. The static ER becomes smaller when applying higher reverse bias voltages on the single MRM, which is a signature of the over-coupled condition [19] . The measured static ER of the single MRMassisted MZI is approximately 20 dB at 0 V, as shown in Fig. 3(b) , and it increases as the applied reverse bias voltage increases. This is consistent with our analysis in the previous section: if the static ER of the single MRM is smaller, the static ER of the single MRM-assisted MZI is larger since the interference at resonance is more destructive. Because of the identical PN junction design, the measured modulation efficiencies of the two devices are both approximately 5.6 pm/V.
Small-Signal EO Characterization
The small-signal characterization of the two devices are measured after calibrating the cables and probes from 10 MHz to 50 GHz. They are both biased at a detuning wavelength of approximately 70 nm from their resonant wavelengths. The measured EE S 11 magnitudes at 0 V reverse bias voltage are shown in Fig. 4(a) . As the MRMs in the two devices are designed to be identical, their electrical responses should also be the same. However, there is difference in their measured S 11 magnitudes from 25 GHz to 40 GHz, which is mainly due to the fabrication variations. The measured EO S 21 magnitudes at 0 V bias are shown in Fig. 4(b) . The two devices both have measured 3-dB EO bandwidths of approximately 20 GHz, and the difference from 25 GHz to 40 GHz is due to their different EE responses in this frequency range.
OOK Modulation
We investigate and compare the OOK modulation performance of the two devices using the experimental setup shown in Fig. 5(a) . The radio-frequency (RF) signals applied on the two devices were both 2 31 − 1 pseudo random binary sequences (PRBS) generated by a bit pattern generator (BPG). Then they were amplified to 1.8 V pp (measured in a 50 system). A reverse bias voltage of 2.4 V, together with the RF signals, was applied on the devices by a 65 GHz bias tee. The laser input power was 14 dBm and the modulated optical signals were amplified by an erbium-doped fiber amplifier (EDFA). The received power before the 35 GHz photodetector (PD) and the transimpedance amplifier (TIA) was 1 dBm. A digital communication analyzer (DCA) was used to obtain the eye diagrams. Fig. 5(b) and (c) shows 40 Gb/s eye diagrams of the single MRM, and the single MRM-assisted MZI, respectively. Limited by the small static ER, the modulation amplitude of the single MRM is only 118 mV. It is improved to 221 mV by using the single MRM-assisted MZI. As experimentally studied in Sections 4.1 and 4.2, the modulation efficiencies and the 3-dB EO bandwidths of the two devices are similar, but their ERs are largely different. Therefore, the enhancement in the OOK modulation performance is mainly due to the improvement in the ER of the single MRM-assisted MZI.
PAM-4
Based on the significant enhancement in the static ER and the OOK modulation amplitude, we then investigate PAM-4 using the single MRM-assisted MZI. The experimental setup is shown in Fig. 6(a) . A four-level pseudo random integer sequence (PRIS) was generated by off-line digital signal processing (DSP), then a raised-root cosine (RRC) filter was applied for pulse shaping. The sequence was resampled to 70 Gsamples/s, which is the sampling rate of the digital-to-analog converter (DAC). Next, a pre-emphasis filter [20] was applied. Together with a −7 V bias, the 3.8 V pp (measured in a 50 system) RF signals generated by the 8-bit DAC were applied on the device using a 65 GHz bias tee. The 14 dBm laser output at 1552.44 nm was coupled into the device, and the output optical signals were amplified by an EDFA to 2.7 dBm. After the PD and the TIA, an 8-bit 160 Gsamples/s real-time oscilloscope (RTO) was used to capture the data for off-line DSP. The captured data were resampled to 2 samples/symbol. Then, a matched RRC filter and an equalizer [20] were applied. Afterwards, the received data were compared to the transmitted PRIS data to measure the BERs and to plot the eye diagrams.
The measured BERs are shown in Fig. 6(b) . Both the HD FEC threshold of 3.8 × 10 −3 and the KP4 FEC threshold of 2.2 × 10 −4 are listed for performance evaluation. Clearly open eye diagrams at 56 Gb/s and 76 Gb/s are shown in the insets of Fig. 6(b) . Successful PAM-4 at 76 Gb/s was achieved, with the measured BER below the HD FEC threshold.
Based on the bias wavelength, the peak-to-peak voltage and the bias voltage of the applied RF signals, the ER between the '11' level and '00' level is estimated using the measured DC transmission spectra of the single MRM-assisted MZI, which is approximately 5 dB. It should be noted that the same PAM-4 experiment was conducted using the single MRM but was not successful. This is because the limited static ER of the single MRM and the small modulation amplitude resulted in a low SNR, which was not enough for PAM-4. Therefore, the successful B2B transmission of the 76 Gb/s PAM-4 using the single MRM-assisted MZI is predominantly because of the large improvement in the static ER and the modulation amplitude.
Conclusion
In this paper, we present a SiP PAM-4 modulator based on a single MRM-assisted MZI. The analysis shows that the static ER of the proposed device is more than 18 dB larger than that of the single MRM with the same design parameters. This is due to the small imbalance between the two arms of the interferometer. The measured DC transmission spectra also show this. The modulation efficiency of the device is measured to be 5.6 pm/V, and the 3-dB EO bandwidth at 0 V reverse bias voltage is approximately 20 GHz. The 40 Gb/s OOK eye diagram of the single MRM-assisted MZI has a larger modulation amplitude than that of the single MRM, which is mainly based on the improvement of the ER. We further present 76 Gb/s PAM-4 B2B transmission using the proposed device, and the measured BER is below the HD FEC threshold of 3.8 × 10 −3 .
